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Summary
Spine morphology is regulated by intracellular sig-
nals, like PKC, that affect cytoskeletal and membrane
dynamics. We investigated the role of MARCKS (my-
ristoylated, alanine-rich C-kinase substrate) in den-
drites of 3-week-old hippocampal cultures. MARCKS
associates with membranes via the combined action
of myristoylation and a polybasic effector domain,
which binds phospholipids and/or F-actin, unless
phosphorylated by PKC. Knockdown of endogenous
MARCKS using RNAi reduced spine density and size.
PKC activation induced similar effects, which were
prevented by expression of a nonphosphorylatable
mutant. Moreover, expression of pseudophosphory-
lated MARCKS was, by itself, sufficient to induce
spine loss and shrinkage, accompanied by reduced
F-actin content. Nonphosphorylatable MARCKS caused
spine elongation and increased the mobility of spine
actin clusters. Surprisingly, it also decreased spine
density via a novel mechanism of spine fusion, an
effect that required the myristoylation sequence.
Thus, MARCKS is a key factor in the maintenance of
dendritic spines and contributes to PKC-dependent
morphological plasticity.
Introduction
Alterations in dendritic spine numbers and morphology
are associated with several neurological diseases and
various forms of synaptic plasticity (Nimchinsky et al.,
2002; Blanpied and Ehlers, 2004; Halpain et al., 2005).
Increased spine size and numbers have long been as-
sociated with long-term potentiation (LTP) (Nimchinsky
et al., 2002; Lang et al., 2004; Matsuzaki et al., 2004),
and recent studies report a decrease in spine numbers
and/or size following long-term depression (LTD) (Mon-
fils and Teskey, 2004; Nagerl et al., 2004; Zhou et al.,
2004). The biological bases for such changes in spine
morphology are largely unknown; however, calcium/
calmodulin and protein kinase C (PKC) have been impli-
cated in alterations of synaptic responses (Malenka
and Bear, 2004). The molecular targets that transduce
such signals into spine structure changes remain un-
characterized.
MARCKS is a major substrate for PKC and an impor-
tant regulator of cell shape and motility (Arbuzova et
al., 2002). It is a key mediator of calcium-dependent
changes in the cortical actin cytoskeleton, but its un-
derlying cellular mechanisms are still debated. MARCKS*Correspondence: shelley@scripps.edubinds to plasma membranes via the dual actions of a
hydrophobic, myristoylated N terminus and a polybasic
stretch within the so-called effector domain (ED) that
mediates electrostatic interactions with acidic mem-
brane phospholipids (Arbuzova et al., 2002; McLaughlin
et al., 2002). MARCKS is proposed to function either
through directly binding and crosslinking F-actin or by
modulating the availability of phosphatidylinositol 4,5-
bisphosphate (PIP2) and other phospholipids that pro-
vide essential signals to regulate actin dynamics (Kim
et al., 1991; McLaughlin et al., 2002; Janmey and Lind-
berg, 2004). In addition to binding PIP2 and F-actin, the
ED also binds calcium/calmodulin. Three to four serine
residues (depending on species) within the ED are tar-
gets for phosphorylation by PKC (Stumpo et al., 1989;
Verghese et al., 1994). Either phosphorylation by PKC
or binding of calcium/calmodulin abolishes the electro-
static interaction between MARCKS and the mem-
brane, thereby inducing a translocation of MARCKS to
the cytosolic compartment; the F-actin crosslinking ac-
tivity of MARCKS in vitro also is diminished (reviewed
in Arbuzova et al., 2002).
MARCKS is highly expressed in many tissues, partic-
ularly brain (Stumpo et al., 1989). Within neurons it is
found in a heterogeneous pattern throughout the cell,
including both presynaptic and postsynaptic locations
(Ouimet et al., 1990). Immunoelectron microscopy shows
that MARCKS is present in dendritic spines, but to
varying degrees (Ouimet et al., 1990), suggesting that
regulatory mechanisms may determine its local con-
centration. Studies using cultured neurons, synap-
tosomes, or hippocampal slices demonstrated that
MARCKS becomes phosphorylated in response to
phorbol ester, depolarization, or glutamate agonists
(Wang et al., 1989; Robinson, 1991; Scholz and Palfrey,
1991). This phosphorylation results in translocation of
MARCKS from the particulate fraction to the cytosol,
similar to its behavior in non-neuronal cells when PKC
is activated (Rosen et al., 1990; Ohmori et al., 2000).
Although MARCKS is known to alter cell shape and mo-
tility in non-neuronal cells, few studies have charac-
terized the effects of MARCKS on neuronal cell mor-
phology.
Homozygous mice with targeted deletions of the
Marcks gene die perinatally and exhibit gross abnor-
malities in morphogenesis of the brain and other or-
gans (Stumpo et al., 1995). Thus, knockout studies
demonstrate an essential role for MARCKS in normal
CNS development, but preclude investigations into the
function of MARCKS at later stages of maturation. Het-
erozygous knockout adults show changes in hippo-
campal anatomy and physiology (McNamara et al.,
1998). Here, we used 3-week-old cultures of embryonic
rat hippocampus to define the function of MARCKS in
relatively mature neurons. Our results demonstrate that
endogenous MARCKS regulates the stability of den-
dritic spines and provide strong evidence that PKC-
dependent dendritic spine plasticity is mediated, at
least in part, by MARCKS. Moreover, the two mem-
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spine number and morphology.
Results
Endogenous MARCKS Is Essential for the Stability
of Dendritic Spines
We used a RNA interference (RNAi) approach to ad-
dress the role of endogenous MARCKS in the mainte-
nance of dendritic morphology. We first examined the
pattern of MARCKS expression in 3-week-old cultures
of rat hippocampus. MARCKS immunoreactivity was
widely distributed, mostly in a punctate pattern, through-
out the cell body, axons, and dendrites of neurons (Fig-
ure 1A, and also in non-neuronal cells (see Figure S1
in the Supplemental Data available with this article
online). This distribution is consistent with previous re-
ports of MARCKS immunoreactivity in brain tissue sec-
tions (Blackshear et al., 1997), immunoelectron micros-
copy of rat brain tissue (Ouimet et al., 1990), and
cultures of non-neuronal cells (Rosen et al., 1990; Bhat
et al., 1995; Laux et al., 2000; Disatnik et al., 2002;
Michaut et al., 2005). We frequently observed enrich-
ment of MARCKS in dendritic spines (Figure 1A); how-
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nFigure 1. RNAi Knockdown of MARCKS Reduces the Density, Width, and Length of Dendritic Spines
(A) Hippocampal neurons were transfected at DIV18 with eGFP, the empty pSuper-eGFP vector, an RNAi plasmid against MARCKS, or a
control, nontargeting RNAi. At DIV22, neurons were stained for endogenous MARCKS (red in the merged image). Representative dendritic
segments are shown from transfected cells (green in the merged image). Cyan arrowheads indicate the position of an untransfected dendrite.
Scale bar, 10 M.
(B) Quantification of density, length, and width of dendritic spines in neurons transfected with the indicated constructs. Data are expressed
as mean ± SEM (all conditions versus MARCKS-RNAi, ***p < 0.001, one-way ANOVA, followed by Dunnett’s test; 20 neurons and four dendritic
segments per neuron were analyzed for each condition; number of spines analyzed: eGFP = 721; empty vector = 720; MARCKS-RNAi = 500;
nontargeting RNAi = 710).ver, not all spines displayed an elevated level of
ARCKS, in agreement with a previous report (Ouimet
t al., 1990).
Because it was sometimes difficult to distinguish the
ARCKS immunoreactivity in dendrites from that in
urrounding non-neuronal cells, we turned to a different
ell type in order to estimate the efficiency by which
NAi reduced endogenous MARCKS expression. Pro-
ligodendroblasts (oligodendrocyte progenitors) repre-
ent a minor cell population in our mixed cultures. They
ere identified by their positive immunoreactivity for
he specific proteoglycan NG2 (Bhat et al., 1995; data
ot shown). Pro-oligodendroblasts express high levels
f MARCKS immunoreactivity that is more homoge-
eously distributed than in neurons (Figure S1). When
uch cells were transfected for 4 days with the RNAi
onstruct, we observed 98 ± 0.2% reductions in
ARCKS immunoreactivity in comparison with control
ransfected cells or untransfected cells (Figure S1). This
onfirms the efficacy of RNAi-mediated MARCKS sup-
ression in our cultures. Our qualitative observations
ndicate that a nearly complete suppression of MARCKS
imilarly occurs in transfected neurons (Figure 1A).
endrites of RNAi-transfected neurons showed little or
one of the strong punctate staining that characterizes
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with any of the three control constructs (eGFP, empty
vector, or nontargeting RNAi).
Analysis of spine morphology showed that neurons
expressing MARCKS RNAi had greatly reduced spine
density, spine lengths, and spine head widths (Figure
1B). A second MARCKS RNAi construct based on a dif-
ferent sequence yielded similar results (data not shown;
for details see Experimental Procedures). These data
strongly indicate that MARCKS is essential for main-
taining the normal stability and shape of dendritic
spines in mature neurons.
Effects of MARCKS on Spine Number
and Morphology: Distinct Actions
of Myristoylation versus Effector Domains
The localization and activity of MARCKS depend on the
presence or absence of the myristoyl moiety at the N
terminus and on the phosphorylation state of the effec-
tor domain (reviewed in Arbuzova et al., 2002). There-
fore, to further dissect the role of MARCKS and its dif-
ferent domains in the regulation of dendritic spines, we
transfected 3-week-old neurons with the following five
MARCKS constructs, each tagged with enhanced GFP
(eGFP) at the C terminus (Figure 2A); the membrane
association of these constructs was defined previously
(Swierczynski and Blackshear, 1996; Spizz and Black-
shear, 2001): (1) wt-MARCKS, containing full-length,
wild-type sequence; (2) S4N-MARCKS, in which four
serines in the ED that are known PKC targets were re-
placed by asparagine to create a molecule that is non-
phosphorylatable yet still binds strongly to phospho-
lipids; this construct displays increased membrane
association; (3) S4D-MARCKS, in which these same
four serines in the ED were replaced by aspartate to
mimic constitutive phosphorylation by PKC; we some-
times refer to this construct as “pseudo-phosphory-
lated” MARCKS; it has reduced membrane association
via the ED; (4) 2GA-MARCKS, in which glycine at posi-
tion 2 is replaced by alanine to create a nonmyristoylat-
able form of MARCKS; and (5) Dbl-MARCKS, a double
mutant that combines the nonmyristoylatable 2GA mu-
tation and the pseudophosphorylated S4D mutation;
this construct has little or no membrane binding ac-
tivity.
Control cultures were transfected with eGFP alone,
which had no discernable effect on neuronal morphol-
ogy. Neurons were cotransfected with the soluble mole-
cule cyan fluorescent protein (CFP) as a cell filler, to
enable us to quantify detailed cellular morphology inde-
pendently of MARCKS localization.
Several MARCKS constructs induced dramatic changes
in dendritic arborization when overexpressed for sev-
eral days in 1- to 2-week-old cultures, suggesting that
MARCKS profoundly influences normal dendrite devel-
opment (data not shown). For the purposes of this
study, therefore, we restricted our analyses to cultures
that had already attained a fairly mature dendritic mor-
phology (20–21 DIV) and in which posttransfection
times were short (%48 hr). Under these conditions,
general dendritic arborization was qualitatively normal
(see Figure S2), and we therefore focused on the de-
tailed structure of dendritic protrusions (spines and filo-
podia).Overexpression of wt-MARCKS for 48 hr induced sig-
nificant alterations in the appearance of fine dendritic
protrusions (Figures 2B–2F; Figure S2). Expression of
constitutively dephosphorylated S4N-MARCKS induced
similar effects. In both cases spine density was re-
duced by half (Figure 2C), the remaining protrusions
were dramatically elongated (Figure 2D), and the pro-
trusion head widths were narrower (Figure 2F) com-
pared to controls. A graph of length distributions
(Figure 2E) shows that protrusion lengths increased
across the spectrum, with many exceeding 5 m. Pro-
trusions in S4N-expressing neurons tended to reach
even greater maximal lengths than did those in wt-
expressing neurons (Figure 2E), perhaps reflecting the
greater membrane association for this mutant (Swierc-
zynski and Blackshear, 1996). In agreement with previ-
ous studies in non-neuronal cells (Spizz and Black-
shear, 2001), we observed, using confocal sectioning
through the cell body, that compared to the uniform dis-
tribution of a soluble cell filler (eGFP), both wild-type
and S4N-MARCKS were specifically enriched at the
plasma membrane (Figure S2). This predominant mem-
brane localization may explain why these two con-
structs induced similar morphological effects. Interest-
ingly, overexpression of the 2GA mutant, in which
myristoylation was abolished but the ED was intact, did
not exhibit a reduction in spine density, but, like wt- and
S4N-MARCKS, induced greatly elongated and thinner
protrusions (Figures 2B–2F).
In contrast, the pseudophosphorylated S4D mutant
was less strongly associated with the membrane (Fig-
ure S2) and induced distinct morphological effects.
Neurons expressing S4D-MARCKS also had signifi-
cantly fewer spines, but those remaining showed over-
all shrinkage, with a 15% reduction in length and a 32%
reduction in width (Figures 2C–2F). Lastly, the Dbl mu-
tant, which, as predicted, failed to target to membranes
and instead behaved like a soluble cell filler (Figure S2),
induced no detectable changes in cell morphology (Fig-
ures 2C–2F).
Together, these results indicate that MARCKS influ-
ences spine number and morphology in a manner de-
pendent on phosphorylation within the ED. The three
MARCKS constructs that can interact with the membrane
though the ED (i.e., wt-, S4N-, and 2GA-MARCKS) all in-
duced elongation and narrowing of spines. However, the
myristoylation domain and the ED contribute distinct, dis-
sociable effects on spines, since the nonmyristoylatable
mutant induced spine elongation and narrowing, but
not reduced spine numbers. Finally, the observation
that the “opposite” mutants, nonphosphorylatable and
pseudophosphorylated MARCKS, both reduce spine
numbers hints that distinct mechanisms might be oper-
ative (see section below on spine fusion). Subsequent
analyses focused on the role of phosphorylation of the
ED in regulating MARCKS function by using the consti-
tutively phosphorylated S4D-MARCKS and nonphos-
phorylatable S4N-MARCKS constructs.
Effect of MARCKS Mutants on Spine Actin
Because previous studies link MARCKS with changes
in actin turnover, we next examined the effects of our
mutants on F-actin content and distribution in dendritic
Neuron
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Dendritic Spine Number and Shape
(A) Diagram of wild-type (wt) and mutant
constructs of MARCKS used in this study (all
eGFP-tagged at the C terminus). The posi-
tions of the N-terminal myristoyl moiety, the
effector domain (ED), and multiple point mu-
tations are indicated: serine (S) to aspara-
gine (N) or aspartate (D); glycine (G) to ala-
nine (A).
(B) Selected dendritic regions of 22DIV hip-
pocampal neurons expressing eGFP or eGFP-
tagged wild-type and mutated MARCKS con-
structs. The GFP image is shown at left, and
the corresponding image of CFP, which was
cotransfected to highlight neuron morphol-
ogy and used for quantification, is shown at
right. Scale bar, 5 m.
(C) Protrusion density in neurons transfected
with the indicated constructs. Data are ex-
pressed as mean ± SEM. Spine density was
significantly reduced in the wt, S4N, and S4D
versus the 2GA and DBL groups (***p <
0.001, one-way ANOVA, followed by Tukey’s
multiple comparison tests; number of den-
dritic regions analyzed: eGFP = 50; wt = 60;
S4N = 80; S4D = 79; 2GA = 20; and DBL = 64).
(D) Protrusion length in neurons transfected
with the indicated constructs. Data are ex-
pressed as mean ± SEM and were calculated
using the following numbers of spines:
eGFP = 542; wt = 420; S4N = 461; S4D =
796; 2GA = 119; and DBL = 647. Protrusion
lengths were significantly greater in wt, S4N,
and 2GA as compared to eGFP, S4D, and
DBL; protrusion lengths were shorter in S4D
as compared to all other groups (***p < 0.001,
Kruskal-Wallis nonparametric test, one-way
ANOVA, followed by Dunn’s multiple com-
parison tests).
(E) Normalized cumulative histogram of spine
lengths for the indicated constructs.
(F) Spine head widths were compared in neurons transfected with the indicated constructs. Data are expressed as mean ± SEM. Spine head
widths were significantly reduced in wt, S4N, 2GA, and S4D neurons as compared to either eGFP or DBL neurons (***p < 0.001, one-way
ANOVA, followed by Tukey’s multiple comparison tests; number of spines: eGFP = 138; wt = 427; S4N = 363; S4D = 150; 2GA = 400; and
DBL = 60). Protrusion width in wt, S4N, and 2GA was also significantly different from that in S4D neurons (p < 0.001, one-way ANOVA,
followed by Tukey’s multiple comparison tests).spines. Phalloidin staining confirmed that in control
neurons F-actin was specifically enriched in spine
heads as compared to dendrite shafts (Figure 3A). S4D-
transfected neurons showed significantly less total
F-actin in the dendrite than did control neurons, while
S4N cells showed no change (Figure 3B). A similar re-
sult was obtained when the analysis was restricted to
the spine regions alone (i.e., excluding the dendrite
shaft; Figure 3B). These results indicate that pseudo-
phosphorylated MARCKS reduces net F-actin content
in neuronal dendrites and spines.
Phalloidin labels F-actin in glial cells as well as in
neurons, resulting in highly complex images. Therefore,
to facilitate a more detailed subcellular analysis of actin
distribution, we cotransfected mRFP-actin along with
various MARCKS mutants. In control neurons, mRFP-
actin localization closely paralleled that of phalloidin
staining (Figure S3), suggesting that the distribution of
total actin is similar to that of F-actin. Both S4N- and
S4D-expressing neurons showed qualitative differ-
ences in mRFP-actin localization compared to control
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p(Figure 3C). To quantify these differences, we categor-zed protrusions as having either a cluster of actin just
t the tip of the protrusion, as containing one or more
ctin clusters part-way along the length of the protru-
ion, or as having a weak (and nonclustered) signal for
ctin (Figure 3D).
In control dendrites, more than 80% of protrusions
ad a bright cluster of actin exclusively at the tip; rela-
ively few protrusions exhibited the weak actin localiza-
ion that is more typical of filopodial-like protrusions in
mmature dendrites (Zhang and Benson, 2002) (Figure
D). In comparison, S4N-expressing cells had signifi-
antly fewer protrusions that displayed this “normal”
ctin distribution. Instead, the elongated protrusions of
4N-expressing neurons often either showed no obvi-
us cluster of mRFP-actin or contained multiple actin
lusters all along the process. In addition, S4N neurons
howed a significant increase in the number of actin
lusters along the dendrite shaft (Control = 0.7 ± 0.1;
4N = 1.5 ± 0.2 clusters/10 M; p < 0.01, Student’s t
est, two-tailed). S4D-expressing cells showed an op-
osite trend, with the vast majority of protrusions insuch cells having a single, distinct cluster of mRFP-
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F-Actin Content and Actin Distribution
(A) Selected dendritic regions from neu-
rons transfected with eGFP, S4N-, or S4D-
MARCKS constructs and costained with phal-
loidin to detect F-actin.
(B) Quantification of F-actin content per digi-
tally masked dendritic area (see Supplemen-
tal Data). Data are expressed as mean ±
SEM and were calculated from 21 neurons
transfected with the indicated constructs (all
columns versus eGFP, *p < 0.05, one-way
ANOVA, followed by Dunnett’s test; number
of regions including dendrites and excluding
axons: eGFP = 11, S4N = 13, and S4D = 10);
mean F-actin content per spine region, cal-
culated from the same data, after exclusion
of the dendritic shafts (****p < 0.0001, un-
paired Student’s t test).
(C) Selected dendritic regions from neurons
cotransfected with eGFP, S4N-, or S4D-
MARCKS constructs together with mRFP-
actin, as indicated. Scale bar, 5 m.
(D) Quantification of actin distribution. Pro-
trusions were classified as having a cluster
of actin just at the tip, as having one or more
clusters part-way along the length of the
protrusions, or as containing weak, nonclus-
tered actin. The fraction of protrusions that
have actin just at the tip was significantly re-
duced in S4N as compared to eGFP and S4D
(***p < 0.001, S4N and S4D versus eGFP and
S4N versus S4D, one-way ANOVA, and Tu-
key’s multiple comparison tests; number of
dendritic regions = 45, 45, and 42, respec-
tively).actin in the spine head. Together, these data suggest
that MARCKS has significant effects on the location of
actin that parallel changes in spine morphology.
We further studied the behavior of actin clusters by
performing time-lapse imaging in mRFP-actin-trans-
fected neurons. Compared to the relatively stationary
clusters at the tips of control spines, actin clusters in
S4N-induced protrusions were highly motile (Figure 4A;
Movie S1). Clusters appeared to translocate along the
protrusion independently of changes in the length of
the protrusion itself. Such translocations were bidirec-
tional, discontinuous, and quite rapid. In the example
shown in Figure 4A, the cluster translocated with an
average apparent speed of 6 ± 0.7 m/min and a maxi-
mum speed R30 m/min. This velocity is far greater
than that reported for movement of clusters of other
postsynaptic molecules, such as PSD-95 (Marrs et al.,
2001). In addition, actin clusters sometimes appeared
to change size and divide and/or disperse (Figure 4A).
The absence of detectable tubulin (data not shown)
or MAP2 immunoreactivity (Figure 4B) in these S4N-
induced protrusions suggests that the movement of ac-
tin clusters is microtubule independent.
Protrusions Expressing MARCKS Mutants
Have Multiple Synaptic Connections
The morphological changes in spines induced by the
MARCKS mutants prompted us to examine whether
their connectivity with presynaptic terminals was af-
fected as well. Therefore, neurons transfected with
eGFP alone or with the different MARCKS mutants werethe S4N-, S4D-, and Dbl-MARCKS mutants, most pro-
Figure 4. Actin Clusters Are Motile within S4N-Induced Protrusions
(A) Time-lapse recording with images acquired every 10 s (time la-
bels are in seconds and progress left to right), illustrating that actin
clusters are dynamic: they move, divide, and change in size along
the S4N-induced long protrusion. Scale bar, 5 m. (See also
Movie S1).
(B) Dendritic region of a S4N-MARCKS-transfected neuron co-immunologically costained for the presynaptic marker
synaptophysin (Figures 5A and 5B). In the presence ofstained for MAP2, illustrating the lack of MAP2 immunoreactivity in
the long protrusions. Image width, 30 m.
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82Figure 5. Presynaptic Terminals Are Not Lost
in the Presence of S4N- or S4D-MARCKS
(A) Selected dendritic regions from cells trans-
fected with the indicated eGFP or MARCKS
constructs were immunolabeled for the pre-
synaptic marker synaptophysin. Closed arrow-
heads indicate an example of a protrusion
with a single presynaptic contact; open ar-
rowheads indicate an example of a protru-
sion lacking a presynaptic contact. Scale
bar, 5 m.
(A1) Quantification of the fraction of protru-
sions with and without detectable clusters of
synaptophysin. S4N induced a statistically
significant increase in the fraction of protru-
sions that lacked such contacts (***p < 0.001
S4N versus all of the others, one-way ANOVA,
followed by Tukey’s multiple comparison
test; number of dendritic regions: eGFP = 36;
S4N = 39; S4D = 27; and DBL = 32). Note,
however, that in all experimental conditions
the vast majority of protrusions are associ-
ated with presynaptic terminals.
(B) Protrusions of S4N- and S4D-expressing
neurons often are engaged in multiple syn-
aptic contacts (arrowheads). The S4N and
S4D images are 10 m and 5 m wide, re-
spectively.
(B1) The total synaptophysin cluster density
did not differ significantly among neurons
transfected with the different constructs.
Data represent mean ± SEM.
(C, C1, and C2) S4N- and S4D-MARCKS-
transfected neurons have functional synap-
tic junctions. Representative electrophysio-
logical recordings and summary histograms.
Data represent mean ± SEM from five to six
neurons per group. Tests indicate no differ-
ences in the frequency (C1) or amplitude (C2)
of mEPSCs among control (eGFP) and ex-
perimental groups.trusions (>80%) were detectably associated with a
cluster of synaptophysin, suggesting that most protru-
sions had a presynaptic partner, similar to control neu-
rons bearing normal spines (Figure 5A1). However, in
S4N-expressing neurons there was a statistically signif-
icant increase in the small fraction of protrusions that
lacked synaptophysin puncta (Figure 5A1). Thus, S4N-
MARCKS might induce the appearance of immature
spines or filopodia, which are seen frequently at earlier
stages of development.
Surprisingly, the overall density of synaptophysin
clusters per unit length of dendrite was similar in con-
trol, S4N-, S4D-, and Dbl-transfected neurons (Figure
5B1). Thus, we did not observe a decrease in the total
number of presynaptic terminals to match the 50% re-
duction in the numbers of protrusions in S4N- and S4D-
transfected neurons (Figure 2C). Indeed, in both cases,
single dendritic protrusions often appeared to be en-
gaged in multiple presynaptic contacts (Figure 5B), a
configuration we rarely observed in control neurons
bearing normal spines. This suggests that synapses are
not lost, but instead become reorganized during the
decreased protrusion density induced by either S4N or
S4D MARCKS mutants.
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(Electrophysiological recordings showed no signifi-
ant differences among groups in the frequency of
iniature excitatory postsynaptic currents (mEPSCs;
igures 5C and 5C1), consistent with a possible com-
ensatory reorganization of the synaptic connections,
s implied by the synaptophysin staining. Furthermore,
he lack of change in mEPSC amplitude (Figures 5C
nd 5C2) or kinetics (data not shown) in S4N- and S4D-
ransfected cells indicates that, despite substantial
orphological changes, their synaptic connections re-
ain functional. Finally, we examined the density of
lusters of the postsynaptic marker Homer2a (Shiraishi
t al., 1999) in control versus S4N-transfected neurons
nd detected no change (data not shown), again con-
istent with the idea that the numbers of synapses are
reserved even when MARCKS mutants induce a de-
line in the number of protrusions.
longated Protrusions Induced by S4N-MARCKS
iffer from Filopodia
any of the protrusions seen with the S4N mutant are
uite long, yet they do not appear to represent dendrite
ranches, since they lack the dendritic marker MAP2
Figure 4B). What, then, is the nature of these unusual
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83S4N-induced protrusions and how do they arise? To
address these questions, we conducted time-lapse im-
aging during early posttransfection (16–24 hr, the earli-
est time at which we could reliably detect the GFP sig-
nal from transfected cells). The results indicate that
S4N-expressing dendrites display a remarkable degree
of morphological plasticity during this early period and
that elongated protrusions arise via multiple events
(Movies S2 and S3). Protrusions typically elongated and
occasionally branched from existing protrusions (Mov-
ies S2 and S3). Long protrusions sometimes appeared
to come in contact with one another (Movie S3). More
rarely, protrusions emerged directly from the dendrite
shaft (Movie S2); however, even in such cases they did
not exhibit the radial motility typical of filopodia in
younger control neurons (Movie S4). By 48 hr post-
transfection, outgrowth of S4N-induced protrusions
had largely ceased (Movie S5), lengths became stabi-
lized, spine heads were smaller on average, and the
remaining motility was mainly the continuous “morph-
ing” of protrusion tips that is characteristic of mature
spines (see below).
We directly compared the motile behaviors of protru-
sions in S4N-expressing cells (e.g., Movie S5) versus
structures termed “dendritic filopodia” that are com-
mon in younger control cultures (see Movie S4 of a con-
trol 14 DIV neuron). Table S1 provides a quantitativeFigure 6. Time-Lapse Imaging of Emerging
S4N-Induced Long Protrusions
(A) Time-lapse series of a dendrite 18 hr after
transfection with MARCKS-S4N. Shown are
selected frames from the sequence. Images
were collected for 10 min at 10 s intervals
(see also Movie S3). Closed arrowheads indi-
cate mature spines that transform into long
thin protrusions. Open arrowheads and ar-
rows indicate protrusions that fuse with each
other before elongating. Image width, 15 m.
(B) Enlarged examples of the same two
spine fusion events shown in (A): upper pan-
els show spines indicated by the open ar-
rowhead; lower panels show spines indi-
cated by the arrow.analysis of some key parameters. We sampled S4N-
transfected neurons at both 16–24 hr and at 24–48 hr
posttransfection. The data indicate that S4N-induced
protrusions are significantly different from dendritic filo-
podia at both time points, exhibiting longer average
length, reduced rate of outgrowth, and less of the radial
“exploratory” behavior characteristic of dendritic filo-
podia. In addition, S4N-induced protrusions were sig-
nificantly less transient than dendritic filopodia. Indeed,
unlike filopodia seen at 14 DIV, the S4N-induced protru-
sions almost never retracted, even when they emerged
de novo from the dendrite (Movie S2). Therefore, we
conclude that, despite their filopodial-like appearance,
most of the long protrusions seen in S4N-transfected
neurons represent dendritic spines with altered mor-
phology.
Some S4N-Induced Protrusions Arise
by Spine Fusion
Unexpectedly, in S4N-trasfected neurons we observed
several instances of long protrusions that appeared to
form by the fusion of two adjacent spines. Figure 6A
(see also Movie S3) shows on the same dendrite two
examples of spines that elongate and lose their bul-
bous heads (closed arrowheads) and two examples of
apparent spine fusion events (open arrowhead and
Neuron
84closed arrow). Figure 6B provides enlarged images of
two of these fusions. Once merged, such protrusions
behaved as a single entity and typically became elon-
gated. We never observed a reverse process in which
the two spines reseparated; hence, we interpreted
these events as “fusions.” Most of the fusion events we
observed occurred by migration of a spine along the
dendritic shaft and a gradual merger of two protrusions
from base to tip (Figure 6B). Based on recordings of six
neurons imaged for 20 min each at 16–24 hr post-
transfection, we observed a total of 13 fusions, from
which we calculated a frequency of approximately 1.7
fusions per 10 m/hr.
Pseudophosphorylated S4D MARCKS Reduces
Spine Head Morphing
Dendritic spines in control neurons typically display a
behavior, often termed “morphing”, which consists of
rapid, actin-dependent changes in spine head shape
over a timescale of seconds to minutes (Fischer et al.,
1998; Dunaevsky et al., 1999; see Movie S6). Such mo-
tility is regulated by glutamate receptor activation (Fis-
cher et al., 2000; Korkotian and Segal, 2001; Richards
et al., 2004). The molecular mechanisms and function
of spine head morphing are unknown. We used the
“shape factor” index in the Metamorph software to
quantify possible effects of MARCKS mutants on spine
head morphing (see Experimental Procedures). Neu-
rons transfected for 48 hr with the S4D mutant showed
significantly reduced spine head motility. S4N-express-
ing neurons showed no detectable change in morphing
compared to controls at 48 hr posttransfection (Figures
7A–7C); however, our qualitative impression was that
morphing was increased relative to controls at earlier
posttransfection times (B. Calabrese and S. Halpain,
unpublished data).
Endogenous MARCKS Mediates PKC-Dependent
Spine Shrinkage
To assess whether PKC-dependent phosphorylation of
endogenous MARCKS mediates spine shrinkage, we
perfused control, eGFP-transfected cultures with 0.5
M PMA (phorbol 12-myristate 13-acetate) and con-
ducted time-lapse imaging studies and quantitative
analyses. PMA was applied in the presence of gluta-
mate receptor blockers (APV and DNQX) to prevent any
PKC-stimulated release of endogenous glutamate from
activating postsynaptic glutamate receptors. Morpho-
logical responses to PMA were highly variable within
the first 30 min, and we observed both transient in-
creases and decreases in spine size and spine number
(data not shown). However, within 60 min we consis-
tently observed that spines exposed to PMA either
shrank in size or disappeared altogether (Figure 8). In
comparison, control spines were highly persistent;
thus, we observed neither loss nor formation of spines
during recordings for up to 5 hr under control imaging
conditions (Figure 8A). In contrast, PMA induced a 29%
decrease in spine numbers within 60 min (before PMA =
29.4 ± 5.9 spines/50 m; after PMA = 20.7 ± 5.2 spines/
50 m; p < 0.05, Student’s t test, two-tailed), while the
remaining spines significantly shrank in both average
length and average width (Figures 8B, 8E, and 8F). This
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he Spine Head
A) Representative binarized images of spine heads for eGFP (con-
rol), S4D-, and S4N-MARCKS-expressing neurons were overlaid
ith the profile (in red) of the same spine head at time zero (image
idth, 1.8 m; image height, 1.5 m). (B) Changes in spine head
hape over a 10 min period for the spines shown in (A). (C) Mean
ifference between the maximum and minimum shape factor val-
es over a 10 min period (see Experimental Procedures). Data rep-
esent mean ± SEM. Spine heads of neurons transfected with the
4D mutant showed a restricted spine head mobility compared to
ontrol or S4N-expressing neurons (*p < 0.05 versus eGFP one-
ay ANOVA, followed by Dunnett’s post hoc test; number of
pines: eGFP = 20, S4D = 20, and S4N = 20).pine loss and shrinkage parallel what we observe
hen neurons express pseudophosphorylated S4D-
ARCKS or when endogenous MARCKS levels are re-
uced via RNAi.
To examine a role for MARCKS in the PMA-induced
hrinkage of spines, we transfected neurons with the
4N-MARCKS mutant. Such neurons exhibited no loss
f spines and no net change in either spine length or
idth in response to PMA (Figures 8C–8F), indicating
hat this nonphosphorylatable form of MARCKS pre-
ents PMA-induced spine shrinkage. The behavior of
ndividual spines (plotted in Figure S4) shows that in
ontrol neurons, individual spines consistently shrank,
hile those in S4N neurons randomly grew, shrank, or
emained unchanged 60 min after the application of
MA. As illustrated in the inset to Figure S4A1, this ob-
ervation applied not only to the greatly elongated
pines in S4N neurons but also to spines that displayed
ore normal lengths and morphologies, suggesting
hat the lack of response to PKC is not an artifact
f distorted spine morphology. Together, these data
trongly suggest that MARCKS mediates certain intrin-
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85Figure 8. PKC-Induced Loss and Shrinkage of Spines Are Mediated
by Endogenous MARCKS
(A) A dendritic region of an eGFP-expressing control neuron, show-
ing no changes in spine density or size during a period of 5 hr.
(B) After a 1 hr incubation with 0.5 M PMA in the presence of
50 M APV and 20 M DNQX, many spines disappeared (open
arrowheads) or shrank in size (arrows). Only a few spines showed
no change (closed arrowheads). Scale bars, 10 m.
(C and D) PMA elicits no net change in spines in neurons express-
ing nonphosphorylatable S4N-MARCKS. Two examples are shown
to illustrate lack of response for a range of spine morphologies.
The reduced fluorescence intensity compared to control is due to
the membrane localization of the S4N-MARCKS protein. Scale
bars, 5 m.
(E and F) Quantitative analysis indicates significantly reduced spine
length (*p < 0.05, paired Student’s t test) and width (**p < 0.01,
paired Student’s t test) following PMA treatment in eGFP-trans-
fected neurons (n = 25 spines from five time-lapse sequences), but
not in S4N-expressing neurons (n = 4 protrusions from four mov-
ies). Data represent mean ± SEM.sic morphological responses of dendritic spines to
PKC activation.
Discussion
MARCKS Links PKC Activity with Changes
in Spine Morphology
Synaptic plasticity involves various transmembrane
signaling cascades, including activation of PKC. In hip-
pocampal and cortical neurons, PKC is activated in re-
sponse to NMDA or stimulation of G protein-coupled
receptors (Vaccarino et al., 1991; Wu et al., 2004). Inonly a few instances are the downstream effectors for
PKC signaling known. The present study demonstrates
an essential function of MARCKS in maintaining normal
dendritic spine number and morphology. Furthermore,
our results suggest that MARCKS is a key effector that
couples PKC to specific changes in synaptic structure.
We showed that MARCKS functions in dendrites to reg-
ulate both the actin cytoskeleton and the plasma mem-
brane in a manner that alters spine shape and stabil-
ity. We focused here on PKC-dependent regulation of
MARCKS; however calcium/calmodulin-dependent regu-
lation could mediate similar effects.
Figure 9 summarizes our findings and proposes a
model for how MARCKS regulates dendritic spine plas-
ticity in a phosphorylation-dependent manner. Endoge-
nous MARCKS is maintained in equilibrium between
membrane bound and cytosolic compartments. PKC-
dependent phosphorylation within the ED disrupts this
equilibrium, shifting MARCKS to a more cytosolic state
(Arbuzova et al., 2002). This results in complete or par-
tial spine shrinkage, accompanied by a net decrease in
F-actin content, and a decrease in “morphing” of spine
heads. In contrast, increased activity of a MARCKS
phosphatase (so far unidentified in neurons) leads to
excess accumulation of MARCKS on the membrane.
This induces spine elongation, redistribution of actin
clusters, and increased actin cluster mobility. Spine
numbers also decrease, but our data suggest that such
spine loss involves a completely different mechanism
than that used during MARCKS phosphorylation or
MARCKS knockdown, where extreme spine shrinkage
results in spine collapse. Instead, when MARCKS is
constitutively dephosphorylated and thus hypertar-
geted to the membrane, spine loss occurs via fusion of
adjacent spines. Interestingly, myristoylation appears
to be important for this fusion effect, but not for spine
elongation (inset, Figure 9; see Discussion).
We observed that overexpression of either wt-
MARCKS, or constitutively dephosphorylated S4N-
MARCKS both induced similar morphological effects
that were essentially opposite to those induced by the
constitutively phosphorylated S4D-MARCKS. We there-
fore postulate that wt-MARCKS and S4N-MARCKS
induce dominant positive effects due to targeting of
excess MARCKS to the plasma membrane. Ectopic ex-
pression of wt-MARCKS overwhelms endogenous mech-
anisms that enable MARCKS to cycle on and off the
membrane, and S4N-MARCKS overrides such mecha-
nisms entirely (Swierczynski and Blackshear, 1996; Spizz
and Blackshear, 2001). Indeed, like Blackshear and col-
leagues, we observed a predominant localization of
both these GFP-tagged constructs at the plasma mem-
brane in transfected neurons (Figure S2).
In contrast, S4D-MARCKS induces a decrease in
spine number and volume, similar to the effect of
knocking down endogenous MARCKS levels using
RNAi. We therefore postulate that S4D-MARCKS acts
in a dominant-negative fashion. By virtue of its myris-
toylation group, pseudophosphorylated MARCKS is
partially targeted to spines, where it presumably com-
petes with endogenous MARCKS for insertion into the
lipid bilayer. However, it fails to interact with its usual
binding partners there (e.g., phospholipids, F-actin) due
Neuron
86Figure 9. A Model for the Function of MARCKS in Dendritic Spine Plasticity
Changes in MARCKS membrane association and F-actin content (below) and concomitant changes in spines (above) are illustrated. Under
resting conditions (center panels), MARCKS (shown in gray) exists in equilibrium between dephosphorylated and phosphorylated states.
Dephospho-MARCKS is strongly bound to the plasma membrane through the dual action of N-terminal myristoylation and the ED’s affinity
for acidic phospholipids. When PKC becomes activated through neuronal activity, the balance is shifted toward phosphorylated, and therefore
cytosolic, MARCKS (right). Release of membrane bound MARCKS stimulates a net decrease in F-actin content (shown in red), but an increase
in the tethering of the cytoskeleton to the plasma membrane. As a result, spines shrink in size or collapse altogether; presynaptic terminals
reorganize onto the remaining spines, which also show less morphing. In opposite fashion (left), an increase in membrane bound dephospho-
MARCKS (due to unknown phosphatase activity) results in longer protrusions that display altered actin cluster distribution, but no net change
in F-actin content. The tethering of the actin cytoskeleton to the membrane is decreased, perhaps explaining the observed increase in actin
cluster mobility (depicted by the gray arrows within the spine neck). Spine number is decreased as well, but is mediated through spine fusion,
which preserves synaptic terminals and thereby results in spines with multiple presynaptic partners. Myristoylation seems to be involved
in this process, because overexpression of a demyristoylated MARCKS construct results in longer protrusions with no decrease in their
number (inset).to disruption of electrostatic charges within the effector
domain, similar to natively phosphorylated MARCKS.
Evidence for Myristoylation-Dependent Spine Fusion
An unexpected finding emerged when we evaluated the
mechanism whereby spine density is reduced in the
presence of S4N-MARCKS. Live imaging of neurons at
early times after transfection captured several exam-
ples of spines that appeared to merge (Figure 6). Such
spine fusion events occurred with a frequency of just
under two fusions per 10 microns per hour. In theory, if
this rate of fusion were maintained steadily from 12 to
48 hr posttransfection, it would more than account for
the 50% decrease in spine density that we measured
in fixed specimens transfected for 48 hr with S4N-
MARCKS (Figure 2C). Indeed, this fusion rate predicts
a much greater spine loss than we actually observed.
Thus, it seems likely that fusion activity peaks within
a narrow time window following transgene expression.
Fusions occurred by the rapid migration of the base of
the spine along the dendrite shaft, followed by a rapid
“zippering” of spine membrane from base to tip over a
time frame of 10 to 120 s.
We observed no instances of spine fusion during 8 hr
time-lapse recordings of neurons expressing the 2GA-
MARCKS construct (data not shown). This mutant does
induce long and thin protrusions, similar to the wild-
type and S4N constructs, presumably because it too
results in excess MARCKS effector domain on the
plasma membrane (representing a dominant-positive
effect). However, for some reason the lack of myristoy-
lation prevents this mutant from decreasing spine den-
sity, and we postulate that this is due to a lack of spine
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Susion. Thus, the myristoylation domain of MARCKS is
equired for some, but not all, of the morphological ef-
ects of MARCKS (see inset, Figure 9). Consistent with
ur observations about spines, nonphosphorylatable
ARCKS promotes, and the nonmyristoylatable mutant
revents, myoblast fusion in vitro (Kim et al., 2002). Cell
dhesion effects of MARCKS also require an intact my-
istoylation domain (Spizz and Blackshear, 2001). It
hus seems likely that MARCKS controls the propensity
f cell membranes to fuse with one another and/or to
nteract with the extracellular matrix, and insertion of
he myristoyl moiety into the lipid bilayer somehow
odulates these effects.
pines Bearing Multiple Synapses
ur data suggest that at least two distinct mechanisms
xist for reducing the density of dendritic spines: fusion
as we observed with S4N-MARCKS) or collapse (as we
bserved with S4D-MARCKS or with PKC activation).
nterestingly, regardless of how spines are lost, we ob-
erved that presynaptic terminals persist and appa-
ently relocalize, giving rise to protrusions bearing mul-
iple synapses. Dendritic protrusions bearing multiple
resynaptic partners are frequently observed during
arly stages of synaptogenesis (Fiala et al., 1998) or
uring blocked synaptic transmission (Petrak et al.,
005). MARCKS might therefore mediate the formation
f such multisynaptic protrusions via either spine col-
apse or spine fusion mechanisms.
ctin Cluster Motility
nalysis of the dynamic behavior of actin in the long
4N-induced protrusions revealed another novel as-
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87pect of spine morphology. Actin clusters were seen to
move from one position to another within a protrusion,
independently of changes in protrusion length. Microtu-
bule-based motility was ruled out, since neither MAP2
nor tubulin was detected in the protrusions. The speeds
at which actin clusters appeared to move (up to 30 m/
min) are consistent with rapid myosin-based transport.
However, since clusters at times seemed to dissipate
before appearing at distant locations, it is possible that
rapid actin turnover is the basis for the observed trans-
location events. Regardless, these observations imply
that membrane-associated MARCKS somehow per-
turbs spine actin dynamics either by reducing the an-
chorage of F-actin clusters within the spine head or by
changing the local kinetics of actin depolymerization
and repolymerization. Such plasticity in actin organiza-
tion might alter the composition of postsynaptic scaf-
folds and/or change the localization or stability of syn-
aptic connections.
MARCKS, Actin Filaments, and Membrane-Actin
Anchorage
The molecular mechanisms through which MARCKS
exerts its diverse cellular effects remain controversial.
MARCKS has a well-documented ability to bind and
crosslink F-actin in vitro (Hartwig et al., 1992), but it
is unclear whether this occurs in cells. An alternative
hypothesis of how MARCKS influences the cortical ac-
tin network is that its effector domain “sequesters” PIP2
and other phospholipids, which are key regulators of
actin and membrane dynamics (McLaughlin et al.,
2002). Phosphorylation of MARCKS was proposed to
release PIP2 from sequestration, thereby driving PIP2-
dependent actin assembly at the membrane (Laux et
al., 2000). However, in dendritic spines we see a net
loss, rather than gain, in F-actin content in the presence
of pseudophosphorylated MARCKS (Figure 9). PIP2 has
many potential targets, and it is possible that in spines
it acts primarily to decrease net actin assembly. Alter-
natively, MARCKS may regulate spine actin content via
mechanisms not involving PIP2.
In any case, reduced spine actin content in S4D neu-
rons accompanies reduced spine head volume, consis-
tent with the increasing evidence for a direct correlation
between spine size and actin content (Halpain et al.,
1998; Okamoto et al., 2004). Indeed, even in S4N neu-
rons, where we see that overall actin content is not re-
duced but is redistributed into smaller, more numerous
clusters, the reduced amount of actin within the very
tip of the spine head correlates with a narrower spine.
Through its interaction with PIP2, MARCKS could
also be involved in membrane-actin linkages. Raucher
et al. (2000) have shown that the strength of a tether
force between the plasma membrane and the underly-
ing actin cortex is directly proportional to “free” PIP2 in
the membrane. Thus, phosphorylation of MARCKS is
predicted to desequester PIP2, thereby enhancing the
membrane tether force. Our observation of reduced
spine head morphing in the presence of S4D-MARCKS
could conceivably reflect such an increase in actin-
membrane linkages (Figure 9). On the other hand, since
spine actin clusters become motile in the S4N-express-
ing cells, there may be a disconnection between actinand the plasma membrane when dephospho-MARCKS
accumulates, an effect that could promote the elonga-
tion of spines.
Conclusions
MARCKS is a major PKC substrate. Phosphorylation of
MARCKS is altered in postmortem brain tissue in Alz-
heimer’s patients (Kimura et al., 2000) and suicide vic-
tims (McNamara et al., 1999; Pandey et al., 2003). Its
gene expression can be downregulated by lithium, an
established treatment for mood disorders (Wang et al.,
2001). Here, we show that MARCKS is critical for the
maintenance and morphology of dendritic spines. The
expression of its mutants allowed us not only to
discriminate between calcium-dependent and myris-
toylation-dependent effects, but to uncover, in already
mature dendritic spines, novel forms of plasticity in-
volving membrane-cytoskeleton interactions.
Experimental Procedures
Hippocampal Culture and Transfection
Hippocampal cultures were prepared according to Shiraishi et al.,
(2003) at a density of either 500 cells/mm2 or 100 cells/mm2 and
maintained in neurobasal medium (GIBCO), supplemented with
B27 (Invitrogen) and 0.5 mM L-glutamine (Sigma). Neurons were
transfected at 20 days in vitro (DIV) using calcium phosphate pre-
cipitation (see the Supplemental Data for further details). Cells were
used for experiments 1 to 2 days posttransfection. Transfection
efficiency was w1% in higher-density culture and w0.01% in
lower-density culture. For the recombinant DNA, pEGFP-N1 and
pCFP-N1 were obtained from Clontech, while full-length bovine
eGFP-tagged wild-type-MARCKS, and four MARCKS mutants were
a gift from P. Blackshear (Spizz and Blackshear, 2001). All MARCKS
constructs were expressed under the same promoter (CMV), and
their expression levels, quantified as mean pixel intensity, were not
significantly different from one another.
MARCKS siRNA
The RNAi constructs were expressed under control of the polymer-
ase-III H1-RNA gene promoter (Brummelkamp et al., 2002). The
pSuper vector was a gift of Dr. T. Wittman, Scripps Research Insti-
tute, and was engineered to coexpress RNAi along with eGFP (see
details in the Supplemental Data). We annealed and inserted the
following oligonucleotides into the HindIII/BglII sites of the vector
described above: MARCKS-RNAi, 5#-GAT CCC CCT GTA CCA GTC
AGT AAT TAT TCA AGA GAT AAT TAC TGA CTG GTA CAG TTT TTG
GAA A-3#, and 5#-AGC TTT TCC AAA AAC TGT ACC AGT CAG
TAA TTA TCT CTT GAA TAA TTA CTG ACT GGT ACA GGG G-3#
(corresponding to nucleotides 2036–2054 of rat MARCKS); nontar-
geting-RNAi, 5#-GAT CCC CGC GCG CTA TGT AGG ATT CGT TCA
AGA GAC GAA TCC TAC ATA GCG CGC TTT TTG GAA A-3#, and
5#-AGC TTT TCC AAA AAG CGC GCT ATG TAG GAT TCG TCT CTT
GAA CGA ATC CTA CAT AGC GCG CGG G-3#. Other RNAi se-
quences were also evaluated. A sequence corresponding to nucle-
otides 44–62 also knocked down MARCKS expression, but was
slightly less efficacious.
Immunocytochemistry
Neurons were fixed with 3.7% formaldehyde in phosphate-buffered
saline (PBS) plus 120 mM sucrose for 20 min at 37°C. Neurons were
incubated in 20 mM glycine for 5 min, rinsed and permeabilized
with 0.2% Triton X-100 for 5 min at room temperature, and then
blocked for 30 min with 2% bovine serum albumin (BSA). Mouse
monoclonal anti-synaptophysin antibody at 1:200 (clone SVP-38,
Sigma) was incubated for 1 hr at room temperature, and, following
rinsing, was incubated with AlexaFluor-568-conjugated secondary
antibody (Molecular Probes) for 45 min at 37°C. To label F-actin,
AlexaFluor-568- or 350-phalloidin at 1:1000 (Molecular Probes) was
incubated for 2 hr at room temperature in the presence of 2% BSA.
Neuron
88To examine the distribution of microtubules, cultures were fixed for
10 min at room temperature using 0.3% glutaraldehyde plus 3%
formaldehyde in 80 mM PIPES, 1 mM EGTA, 1 mM MgSO4 (pH,
6.8), and 1 mg/ml saponin. We used rabbit polyclonal MAP2 anti-
body 4170 at 1:5000 (Ozer and Halpain, 2000) or monoclonal anti-
tubulin antibody TuJ1 (gift of A. Frankfurter) at 1:1000. Endogenous
MARCKS was detected by incubating the cells for 2 hr at room
temperature with rabbit polyclonal MARCKS antibody at 1:3000
(Scarlett and Blackshear, 2003), following a 2 min permeabilization
with 0.2% Triton X-100 and a 1 hr blocking with 10% Normal Goat
Serum, 1% BSA, and 0.1% saponin in PBS. We used monoclonal
antibody against rat NG2 at 1:100, the gift of B. Stallcup (Nishiyama
et al., 1996).
Image Acquisition and Quantitative Morphometry
Fluorescence images were collected with an Olympus Fluoview
500 confocal microscope by sequential illumination using the 488
line of an argon laser, the HeNe Green 543 laser, and the HeCd 442
laser. Sequential acquisition and the use of a bandpass filter (BA
505/525) eliminated bleed-through between the eGFP and the CFP
channel. A stack of images was acquired in the z dimension at
optical slice thickness of 0.4 m to cover entire neurons, using a
60× 1.4 NA Plan APO oil immersion objective and optical zoom
2. The cytosolic or membrane localization of MARCKS was easily
distinguishable (particularly in the soma) using z sectioning. All
morphometric measurements were analyzed with MetaMorph im-
aging software (Universal Imaging Corporation, West Chester, PA).
Details on quantitative morphometry are in the Supplemental Data.
Time-Lapse Recordings
Neurons were cultured and transfected on Lab-Tek II chambered
coverglass (155409; Nalge Nunc International). Live images were
acquired every 10 s over a 20 min period with exposures of 0.1–
0.5 s using an Olympus IX-70 microscope equipped with a CO2-
gassed, temperature-controlled chamber (Solent Scientific, Ports-
mouth, UK). Images were collected at 60× with a 1.5 Optivar using
an Orca-II-ER camera (Hamamatsu). Images from cotransfected
cells were acquired simultaneously using the following split-view
filters (C-44141, Dual-View, Optical Insights; Chroma Technology):
excitation, 475/20 and 565/20; emission, 535/40 and 605/55. De-
tails on quantification can be found in the Supplemental Data.
Electrophysiology
Cultures were grown at higher density to maximize the number of
transfected neurons per coverslip. eGFP-expressing neurons were
identified using fluorescence; recordings were obtained after
switching to DIC optics. Coverslips were placed into a perfusion
chamber (w500 l vol; Warner Instruments). Cultures were per-
fused (w1.5 ml/min) with an extracellular solution containing: 150
mM NaCl, 1.8 mM CaCl2, 1 mM MgCl2, 5.4 mM KCl, 10 mM HEPES,
and 10 mM glucose (pH, 7.4). Tetrodotoxin (1 M) was included to
prevent spontaneous firing and to ensure that large EPSCs did not
trigger action potentials. The solution was heated to 35°C using a
flow-through heater (Warner Instruments, Hamdon, CT). Details on
the recording procedure are in the Supplemental Experimental Pro-
cedures.
Additional Methods
Pharmacological compounds were obtained from the following
sources: phorbol 12-myristate 13-acetate (PMA, used at 0.5 M;
Calbiochem), TTX, APV, and DNQX (used respectively at 1, 50, and
20 M; Sigma). Statistical calculations (Student’s t test, one-way
ANOVA) were performed in Graphpad Prism. Significance was set
at p < 0.05. Whenever the data did not fit a Gaussian distribution,
a nonparametric test was performed.
Supplemental Data
Supplemental data include four figures, a table, Supplemental Ex-
perimental Procedures, Supplemental References, and six movies
and can be found with this article online at http://www.neuron.org/
cgi/content/full/48/1/77/DC1.
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